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INT.^ODUCTION 
The energy crisis and environmental concerns for 
air and water quality of the past decade have caused 
traditional methods of sewage sludge disposal to be re¬ 
viewed. Incineration, landfilling, lagooning, and 
dumping of wastes into large bodies of water have pre¬ 
sented economic and ecological problems. Ocean dumping, 
the customary means of disposal in coastal areas has 
currently been outlawed in several states. Sludge dis¬ 
posal methods advocated for the future, such as compost¬ 
ing, land reclamation, and agricultural utilization, 
emphasize limited disruption of the environment and the 
recovery of valuable resources. A survey conducted by 
the Znvirorjnental Protection Agency indicated that a 
significant percentage of municipalities presently are 
using some form of land application as a sludge disposal 
method and that for the majority of the cases, such 
practices have been started within the last ten years 
(Sommers et al., 1976). Utilization of waste products 
in a biological system has become an appealing conser¬ 
vation concept at a time of increasing awareness of 
finite resources. 
Several advantages and disadvantages exist relative 
to the use of sewage sludge on agricultural land. The 
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potential value of sludge is said to lie in its char¬ 
acteristics as a soil conditioner and in its nutrient 
value (Christensen, 1977)* As early as I929 sewage 
sludge v/as being sold as a fertilizer and predicted to 
increase the water holding capacity of sandy soils 
(Muller, 1929). 3y 1953 H.A, Lunt was making a case for 
sludge as a soil improver (Lunt, 1953)* Results of his 
study showed the positive effects of sludge on the soil 
to be a moderate increase in field moisture capacity, 
percent organic matter, total nitrogen and soil aggrega¬ 
tion, These findings were interpreted in meaning that 
sludge vfdLt, more beneficial for a coarse, sandy soil than 
for a loamy soil. Later studies confirm many of these 
early findings. Spotswcod and Rayner (1973) studied the 
fate of sludge organic matter in the soil and found that 
it did indeed improve the moisture retentive capacity of 
the soil and benefit soil structure v/hen a residue of 
decaying sludge remained. Epstein, Taylor and Chaney 
(1976) reported some physical and chemical changes in 
soils amended with sewage sludge and sludge compost to be 
an increase in soil aggregation, water content, and cation 
exchange capacity, and a decrease in soil bulk density. 
In a 1977 study on Massachusetts soils, these potential 
beneficial effects of sludge were again confirmed al¬ 
though the cation exchange capacity was said to increase 
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only slightly. Since coarse-textured soils low in or¬ 
ganic matter are not as effective as fine-textured soils 
higher in organic matter in retaining water sind nutri¬ 
ents, sludge was shown to decrease water stress in 
crops, especially on sandy soils (Christensen, 1977). 
Increases in crop yields, attributed to the use of 
sludge and sludge compost, were ascribed to the nitrogen 
and phosphorus supplying powers of the sludges, while 
potassium levels were reported as inadequate and add¬ 
itional potassium fertilization was suggested (King and 
Morris, 1972; Terraan et al., 1973; Kelling et al., 1977). 
Nitrogen exists in sludge in both organic nitrogen and 
inorganic forms. Ammonium may be locked into exchange 
sites or reduced and volatilized as ammonia gas. Al¬ 
though mineralization in sludge is slow, nitrate not 
utilized by the crop is subject to leaching. Phosphorus 
in sludge is in both organic and inorganic forms. Phos¬ 
phorus is not mobile in the soil and most remains in the 
plow layer. Potassium in sludge is present in such low 
amounts that excess potassium in the soil is not an¬ 
ticipated (Christensen, 1977)* An analysis of the chem¬ 
ical composition of sewage sludges indicated that nit¬ 
rogen, phosphorus, and potassium were within a narrow 
range with a median concentration of 4.2^5 nitrogen, 
3.05^ phosphorus, and 0.3^o potassium, and that trace 
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element concentrations were extremely variable (Sommers, 
1977). 
Controversial aspects of applying sewage sludge 
to agricultural lands lie in its potential environmen- 
/ 
tal and health hazards. Accumulation of excess inorgan¬ 
ic nitrogen in the soil, nitrates in the plant, and 
ground v/ater pollution from high sludge application 
rates has been determined to be a limiting factor of 
sludge application to land (King and Morris, 1974j 
Kelling et al., 1977). Other dangers associated with the 
use of sludge on agricultural lands include the survival 
of disease-causing pathogens, the persistence of organic 
compounds of unkno’wn toxicity, and increased concentra¬ 
tions of heavy metals (Christensen, 1977). Inorganic 
elements such as boron, cadmium, cobalt, copper, chrom¬ 
ium, mercury, molybdenum, nickel, lead, and zinc are 
often present in sludge in concentrations exceeding 
that normally found in soils. Of these, only cadmium, 
copper, molybdenum, nickel, and zinc are said to pose 
a potentially serious hazard (United States Environ¬ 
mental Protection Agency, 1976), Field studies have 
confirmed the accumulation of heavy metals in the veg¬ 
etative tissue of plants grov/n in sludge-amended soils 
(Kirkhajn, 1975? Kelling et al,, 1977). 
Several factors have been attributed to influencing 
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the availability of heavy metals and their potential 
toxicity problems. Sewage sludges from different sources 
var^'” greatly in their concentration of toxic elements, 
and sludge from one treatment plant may vary signif¬ 
icantly over time (Doty, Baker, and Shipp, 1977). Soil 
properties, both physical and chemical, have been shown 
to affect the accumulation of heavy metals in plants 
(United States Environmental Protection Agency, I976); 
and crop species and variety differ in their sensiti¬ 
vity to heavy metal toxicity (Bro^vn and Jones, 1975)* 
Research has indicated that agricultural utili¬ 
zation of sewage sludge, when carefully monitored, may 
be a viable sludge disposal method. Decisions regarding 
rates of application must be preceded by chemical anal¬ 
ysis of sludge over time. Site selection should include 
evaluation of both its physical and biological char¬ 
acteristics and crop selection based on metal tolerance. 
The intent of this research is to focus on the 
influence of soil properties on the accumulation of 
zinc by crops and attempt to establish maocimum rates 
of zinc application from sewage sludge in various Mass¬ 
achusetts soils. 
6 
LITERATURE REVIS^.V 
The long tern hazard in land application of sewage 
sludge is the toxic heavy metals. In attempting to 
establish rates of sewage sludge on agricultural Isind, 
guidelines on the quantities of heavy metals, partic- 
uarly cadmium, copper, nickel, and zinc, that can be 
safely applied are necessary. Early attempts to control 
the quantity of heavy metals applied to the soil led to 
the formulation of a "zinc-equivalent” equation. This 
equation is based on the relative toxicities of zinc, 
copper, and nickel, copper being twice as toxic as zinc 
and nickel eight times as toxic as zinc (Chaney, 1973)* 
A later guide suggested that the soil be maintained at a 
pH of 6.5 a^^*d that the life-time metal loading should not 
exceed 10^ of the cation exchange capacity of the soil 
(Christensen, 197?). Studies by Mitchell, Bingham and 
Page (1978) with lettuce and wheat suggested that the 
relative toxicities of zinc/copper/nickel of l!2:4 
appear to be more suited for acid soils than for neutral 
soils. At pH values of 6.5# the toxicity of nickel at 
this ratio is greatly overestimated. Additional re¬ 
search has indicated that the concept of additivity of 
of the toxicity of metals be eliminated and that appli¬ 
cation rates be based on the concentration of heavy 
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metals applied on an individual basis (United States 
Environmental Protection Agency, 1976; Kelling et al., 
1977; Mitchell et al., 1978). 
Zinc is present in digested sludge in quantities 
ranging from 500 to 50,00 ppm, depending on the source 
(Chaney, 1973) and is the most mobile of all the heavy 
metals found in sludge (MacLean, 197^)* It is even 
found in domestic sludges where it is derived mainly 
from human feces, toiletries and galvanized pipes. 
Zinc was one of the eajrliest trace metals deemed import¬ 
ant to both plants and animals; yet, concern over zinc 
deficiency in plants, animals and man, still exists 
and a general increase in the concentration of zinc in 
animals and humans is thought to be desirable. An in- 
crease above the limits for zinc in food, set by the 
t 
Food Standard Commitee at 50 ppm fresh weight (Spotswood 
and Rayner, 1973)» seems unlikely from the use of sludge 
on cropland for several reasons. The seed and fruit 
portion of the plant are the major source of plant ma¬ 
terial in human diets and most of the zinc in the plant 
is restricted to leaf and root areas (Leeper, 1972), 
That zinc which is injested with the plant is only 
slightly available to animals. The low availability of 
zinc in plants to animals has been attributed to the 
presence of insoluble complexes of zinc v/ith calcium 
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and phytic acid in plants. Also it is thought that the 
soil-plant system provides an effective barrier from 
zinc toxicity due to the depression of plant growth 
before these elements will be taken up from the soil 
and accumulated in concentrations that would be danger¬ 
ous for animals (Allaway, I968). A wide margin of safe¬ 
ty appears to exist between normal dietary intake and 
zinc toxicity. Indeed it has been confirmed that con¬ 
centrations of zinc have not reached health hazard lim¬ 
its when sludge was applied to supply the nitrogen and 
phosphorus demands of the crop (Hinesly et al., 1971). 
However, potential toxicity problems for plants 
and a reduction in crop yields from the unchecked use of 
sludge on cropland are indicated. The normal range of 
zinc found in olants is 25 to I50 ppm; levels of zinc 
greater than 400 ppm are said to be toxic (Mortveldt et 
al., 1972). Toxicity symptoms most commonly observed 
are the stunting of plant growth and the chlorosis of 
young leaves (Boawn and Rasmussen, 1971» Brown and Jones, 
1975; ?oy et al., 1978). Other symptoms which have been 
rioted as a result of zinc toxicity are depressed lateral 
root development (Rosen et al., 1977) and manganese 
deficiency in older leaves (Hewitt, 1973)* stunt¬ 
ing in plant growth is attributed to the specific tox¬ 
icity of the metal to the crop, the inhibition of root 
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penetration in the soil, or antagonism with other 
nutrients (Foy et al., I978). Boawn and Rasmussen (1971) 
suggested that this ajitagonism may be with phosphorus 
metabolism since it creates a growth response similiar 
to phosphorus deficiency. Chlorosis observed in the 
young leaves appears to be due to interference of iron 
metabolism by zinc (Rosen et al., 1977)* This inter¬ 
ference does not appear to be a simple zinc induced 
inhibition of iron translocation from roots to tops, 
since iron concentrations found in the young, symptom 
bearing leaves are usually higher than those normally 
considered adequate (Foy et al., 1978). Rosen, Pike 
and Golden (1977) postulated that zinc may be competing 
with iron for certain binding sites (a fixed site; an 
enzyme; an ion carrier in a membrane; or an ion carrier 
in' the vascular tissue) and once bound, zinc would not 
easily be displaced by iron. The toxicity is first 
experienced by the plant in its root tips; hence, the 
restriction in lateral root growth (Foy et al., 1978). 
Although it was first thought that the toxicity symptoms 
were easily diagnosible and should appear when 250 ppm 
zinc is present at a pH value of 6.5 (V/ebber, 1972), 
Foy, Chaney and V^hite (1978) observed chlorotic symptoms 
only at low pH values or in neutral soils which were low 
in iron. Zinc toxicity does not always cause chlorosis; 
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however, at high levels of zinc the general pattern of 
the toxicity is severe chlorosis of the seedling. The 
metal tolerance of the seedling is critical to its 
survival. 
The highest zinc concentration is found in the 
young seedling and said to decrease with age (Lindsay, 
1972; Singh and Steenberg, 197^)• The metal is absorbed 
by passive diffusion or an active mechanism, the latter 
being less important where zinc concentrations are high 
(Singh and Steenberg, 197^). Roots are said to accum¬ 
ulate luxury levels if the supply is adequate (Lindsay, 
1972). While zinc does make its way into the vegetative 
portions of the plant its translocation is poorly char¬ 
acterized. It is thought that translocation to the 
shoots may be affected by temperature (Isarangkura et 
al., 1973). 
Plants differ greatly in their ease of uptake and 
tolerance of zinc and which crops are most suseptible 
depends upon their tolerance. Boav/n and Rasmussen (1971) 
rated tolerance of several crops grown in SOO ppm zinc 
on an alkaline soil according to their percent reduc¬ 
tion in yield. They found that monocots were highly 
sensitive to zinc with a. forty percent reduction in 
yield and that beans, snapbeans, potatoes, peas and 
clover were fairly tolerant with only a five percent 
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reduction in yield. They suggested that sensitivity 
of a crop to zinc is associated with dense, intensive 
roots and that shallow rooted crops were more tolerant. 
Hewitt (1973) grew several food crops in sand culture 
and found that sugar beets were highly suseptible to 
zinc toxicity and that tomatoes, potatoes, oats and 
kale were only moderately suseptible. In a survey type 
of experiment, using only leafy vegetables, Boawn (I97I) 
foimd that of the tv/elve crops grov/n only swiss chard 
and spinach tended to be zinc accumulators. Often it 
is found that differences in adsorption and utilization 
is greater among varieties within a species than among 
species (Hinesly et al., 1978). As tolerant species 
and ecotypes aire studied it is thought that tolerance 
may be due to the exclusion of the metal from plant 
roots where the root cell v/alls are binding the metals 
(?oy et al., I978). 
In the studies mentioned above zinc has been added 
to the soils as inorganic salts. One should be cautious 
in using the results of metals added as inorganic salts 
in evaluating the phytotoxicity and toxic metal uptake 
from sludge-boiTie metals. Plant uptake of zinc is said 
to be five to ten times greater from ZnSOi^ than from 
equivalent amounts of zinc in sewage sludge (Ainesly et 
al., 1977)« Hov/ever, several studies using sewage 
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sludge-amended soils have reported increased levels 
of zinc in the tissue, sometimes accompanied by yield 
reductions. In cases where sludge is used repeatedly, 
the metals become enriched in the soil and are taken up 
by the plant (Andersson and O'Nilsson, 1972). King and 
Morris (1972) found zinc toxicities and reductions in 
yield of rye when liquid sewage sludge was used on an 
acid soil. In a different study using Coastal bermuda- 
grass, they found increases in levels of zinc in the 
plant tissue with increasing sludge rates, while still 
observing better yields with sludge than with chemical 
fertilizers. They concluded that Coastal bermudagrass 
may be a suitable crop for land disposal of sludge. In 
research where low additions of sludge were applied to 
fescue, Boswell (1975) reported an increase in levels 
of zinc in the fescue and a thirty percent reduction 
in yield compared to control plots. Com plants began 
to show toxicity symptoms at 200 ppm zinc, but a reduct 
ion in yield did not occur when sewage sludge was amend 
ed to the soil (Ainsely et al., 1977)* Kirkham (1975) 
found that zinc concentrations in com roots, stems, 
leaves and husks were greater in sludge fertilized 
plots than control plots. Snap beans were found to 
increase in metal concentration as sludge rates in¬ 
creased and said to reach an appsirent maximum value 
13 
which did not increase or decrease once sludge appli¬ 
cations were terminated (Dowdy et al., 1978). 
Plant analysis provides data which reflects the 
soil-plant interaction and indicates the ability of 
the plant to absorb heavy metals (Brown and Jones, 1975), 
but it is time consuming and often costly. The capa¬ 
bility of soil analysis to predict crop uptake of 
metals may be important for sludge management (Kelling 
et al,, 1977)* Many soil extractants have been eval¬ 
uated for their potential in predicting plant available 
zinc. It has been found that neither 0,1N HCl nor 
dithizone extractable zinc gives a reliable estimate 
of plant available soil zinc unless pH is taken into 
account. In the same study 2N MgCl^ was found to be 
closely related to plant availability (Martens, I968). 
Silviera and Sommers (1977) compared four chemical 
extracts for their potential in assessing the extract- 
ability of zinc in soils incubated with sewage sludge. 
They found that water soluble, KNO^ exchangeable and 
HNO^ extractable zinc predicted only a small percentage 
of the total amount which was present in the soil- 
sludge system. DTPA (DiethylenetriaiTiine-pentaacetic- . 
acid) extractable zinc was found to show the best potent¬ 
ial for predicting the amount of zinc readily available 
to crops. Latterell et al. (1978) found highly 
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significant linear correlations in i/TFA, KNO^, Na;^P20^, 
and NHj^C2H^02 extractable zinc and zinc concentrations 
of snap beans grown in sludge-amended soils. Several 
other researchers have pointed out the potential of 
DTPA as an indicator of available zinc in the soil. 
DTPA is said to compete with adsorption and complexing 
mechanisms of the soil in extracting metals but is still 
felt to be a good indicator for sludge-bome metals 
(Kitchell et al., 1978). Kelling et al. (1977) named 
DTPA as a soil extractant useful in predicting the metal 
concentrations in vegetative tissue but cautioned that 
the extractability of the metal will vary with sludge 
and soil type. 
It has been determined that zinc is present in 
sludge in concentrations far exceeding that in soils 
(Webber and Berrow, 1972; Bradford et al., 1975)* ^or 
the most part zinc is found in the divalent oxidation 
state (Lagerv/erff et al., 1976) and bound to ligands 
containing oxygen (’-'oddeman et al., 1977)* These re¬ 
searchers suggested that possible compounds of zinc 
may be carbonates, carboxylates, phosphates, nitrates, 
silicates and oxides. Stover et al. (1976) found most 
zinc present in sludge to be in organic forms rather 
than adsorbed or in exchangeable forms. Silviera and 
Sommers (1977) also found most sludge zinc to be 
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insoluble but indicated that the potential for crop 
uptake will vary with the amount and type of sludge ap¬ 
plied and with the time after application. This may 
be due to the fact that the decomposition of sludge 
organic.matter may release metals into the soil. Miller 
(197^) found most sewage sludge organic matter to be 
resistant to rapid decomposition and in the form of 
microbial tissue, lignin, cellulose, lipids, organic 
nitrogen complexes and humic acid materials. He also 
found decomposition to be independent of soil texture 
and chemical properties other than temperature, which 
is said to have a major influence on the rate of de¬ 
composition. These findings were confirmed in 1979 
by Terry, Nelson and Sommers, who foimd decomposition 
to be rapid in the first 28 days but low and relatively 
constant thereafter and soil texture, pH and moisture 
content - to have little effect on decomposition rate. 
Soils may contain zinc naturally from 10 to 300 
ppm; although 50 ppm is said to be a typical value for 
zinc in the soil (Leeper, 1972). Divalent zinc is the 
dominant oxidation state of the ion in solution for 
most agricultural soils. Micronutrients, such as zinc, 
found in +he soil are described by Lindsay (1972) to 
be in the following forms: water soluble; exchange¬ 
able from soil surfaces; extractable from organic and 
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inorganic sites; precipitated; occluded by soil oxides 
and hydroxides; held in biological residues and living 
organises; and conponents of the lattice structure 
of primary and secondary minerals. The availability 
of zinc to plants is dependent upon the forms in which 
it is present in the soil system. Sludge additions as 
well as soil environmental conditions mav alter its 
form. 
Amona the soil orooerties influential in assessir^m 
the amount of zinc that can safely be applied, soil pH 
has traditionally been the most important. Zinc is 
an oxyphilic element and at lower soil pH values under¬ 
goes hy'drolysis (Hahne and Hront.je, 1973)• Vear (1956) 
showed that as the pH of zhe soil increased with amount 
of CaZC^ added to the soil, extractable zinc .decreased 
and this effecm was intensified with greater amounts of 
zinc. He concluded that this was not a calcium effect 
by using different sources of calcium. More water 
soluble zinc is mresent as a low uH than a high pH and 
at low pH values more zinc is present in exchangeable 
and organic fractior_s (Sims and ?atric>, 19?3). The 
species of zinc ccmplexed by humic acid has been deter¬ 
mined as lependens on soil pH (Lindsay, 1972). It may 
be sossible thas in liming an acii soil, a portion of 
the sH effect is due to she surface adsorption of the 
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zinc to the line itself or a surface precipitation by 
the carbonate ion (Fuller, 1977)• The amount of zinc 
found in crops grown on sludge-amended soil has been 
shown to decrease with an increase in soil pH. Zinc 
concentrations in grass decreased fifty percent by lim¬ 
ing an acid soil of pH 4,3 to pH 6.8 regardless of the 
amount of sludge present (Bolton, 1975)• The United 
States Environmental Protection Agency (1976) reported 
a ninety percent reduction in zinc content of crops 
grown on sludge-treated soils, when acid soils (pH 4.5 
to 6) were limed to a neutral condition (pH 6 to 7)* 
Lagerwerff et al. (1977) noted a decrease in zinc con¬ 
tents of radish as pH increased, and zinc contents of 
romaine lettuce and beet crops are said to decrease in 
limed soils (John and VanLaerhoven, 1976). witchell, 
Bingham and Page (1978) found that zinc accumulated to 
higher concentrations in lettuce grov/n on acid soils but 
was more toxic to wheat grov/n on calcareous soils. 
Results of their research prompted them to warn that 
limiting sludge-borne metal addition on the basis of 
soil pH alone to be an oversimplication. 
Precipitation reactions are closely related to pp{ 
levels. Whenever the activity of an element in the soil 
solution exceeds the equilibrium concentration of a 
given mineral of which it is a part, the mineral 
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begins to precipitate. Evidence for the precipitation 
of zinc as a stochionetric compound, such as a carbon¬ 
ate, silicate or phosphate, controlling the solubility 
of zinc in the soil is inconclusive (Leeper, 1972). 
Although earlier evidence suggested that zinc concen¬ 
trations in the soil nay be governed by the solubility 
of zinc carbonate or hydroxide (Udo et al., 1970), 
these as well as all other possible zinc compounds have 
been found to be too soluble to control zinc behavior 
in soils and the adsorption of zinc by hydrous oxides, 
clay minerals and organic natter more likely to be con¬ 
trolling factors (Mortvedlt et al., 1972). 
Hydrous oxides appear in the soil as coatings on 
clay minerals or as discrete oxide particles. It has 
been suggested that the oxides of iron and manganese 
nay act as a sink for heav^,” metals such as zinc (Jenne, 
1963). -It is also thought that gibbsite may play a role 
in heavy netal retention (3*uller, 1977)* Evidence that 
zinc nay be adsorbed on sites of hydrous oxides is sup¬ 
ported by the effects of soil pH on zinc availability 
since these compounds precipitate at higher pH levels. 
The extent and rate, as well as the pH effect on re¬ 
versibility of this retention have not been clearly 
defined (Puller, 1977)- 
The availability of zinc tc plants may be 
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influenced by the cation exchange capacity of the soil. 
The exchange capacity of the soil is determined by the 
type and amount of clay minerals and by the amount of 
organic matter present. The clay and organic matter 
content is primarily responsible for the retention of 
native soil zinc (Udo et al., 1970). Toxic trace cat¬ 
ions must compete with calcium, magnesium, potassium 
and sodium present in the soil for available exchange 
sites. In a 1955 study, Nelson and Melsted found the 
adsorptive strength of some cations to be; hydrogen 
greater than zinc greater than calcium greater than 
magnesium greater than potassium. The binding strength 
of zinc was found to lessen with each increment of zinc 
that was added. Leeper (1972) described zinc as being 
analogous to magnesium since both are of similiar ionic 
radii and since zinc has been found to occur in ferro- 
magnesium silicate minerals in positions normal to mag¬ 
nesium. Bentonite and illite have been sho'.NTi to fix 
large amounts of zinc under conditions of wetting and 
drying, possibly due to xhe fact 
2:1 type mineral when it is wet 
trapped as the mineral dr^/s and 
kins, 197“^). In the same study, 
found to fix zinc unless the pH 
creased above 7.6, In a later s 
that zinc enters the 
and expanded and become 
shrird-is (Heddy and ?er- 
kaolinite was not 
of the soil was in- 
tudy, bentonite was 
o 
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sail to reduce the soil availability and plant uptake 
of zinc fron sludge-bome netals although the exact 
rechanisn of fixation was not determined (Sins and 
Boswell, 19?3). The fact that fine-textured soils im- 
nobilize heavy netals to a greater extent than coarse- 
textured soils nay be useful in setting guidelines for 
sludge disposal even if we do not know the exact nech- 
anisns involved (Puller, 1977). Latterell et al. (I976) 
conpared the availability of sludge-bome metals from 
soils with four different cation exchange capacities 
ranging fron 5*2 nea/lOCg. to 18,5 neq/lOOg. and found 
that zinc uptake remained constant as the exchange 
capacity increased. Hea-zy netals are said to be toxic 
when present in excess of two percent of the cation 
exchange capacity (Leeper, 1972) and it is possible that 
none of these soils had an exchange capacity high enough 
to ccnper.sate for the anomt of zinc present in the 
sludge. ’Cost Xassach'-isetts soils fall v/ithin the above 
range of cation exchange capacities. The addition of 
se’^rage sludge will increase the amount of organic rr*at- 
ter and, hence, exchange capacity of the soil. Hov/ever, 
this increase is not thought to be long-las ting. 3 ins 
and Soswell (1978) found a decreas*^ in the soil cation 
exchange caoacity ever tine due to the deconpositior of 
sludge organic natter, leeper (1972) cautioner against 
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attributing higher retaining powers to organic colloids 
as opposed to inorganic colloids since organic ones are 
limited by chemical stability and are likely to be brok¬ 
en down by microbial attacks. 
More important than the adsorption of sludge-bome 
zinc to the exchange sites of soil organic matter oro- 
vided by carboxyl and phenolic groups is the role of 
chelation of zinc by organic matter. Chelation denotes 
the gripping of a metal ion by two or more atoms to form 
a stable ring. Chelation reaction mechanisms can re¬ 
sult in soluble complexes increasing the availability 
of zinc to plants, or in the formation of insoluble 
complexes which render zinc inactive. Soluble chelates 
are said to form between zinc and short-chained organic 
molecules such as citric and amino acids (Leeper, 1972; 
Lindsay, 1972; Fuller, 1977). These compounds generally 
carry a negative charge, so are not fixed on cation 
exchange sites in the soil. Up to one-third of all 
mobile zinc is said to be anionic (Leeper, 1972). 
Soluble chelating agents produced by micro-organisms or 
excreted by plant roots are shov/n to function as vehi¬ 
cles for movement of zinc to plant roots (Mortveldt et 
al., 1972). Insoluble metal complexes are said to form 
between zinc and humic or fulvic acids found in soil 
organic matter or sewage sludge organic matter (Tan, 
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r'orri*^ ani Kin^, 1971; Lindsay, 1972; I^octveVlt ot al., 
1972). Puller (1977) reported that lignin-like com- 
po^onds of high molecular v/eight may be related to immo¬ 
bility of zinc. Pats, oils and v/axes, which are said to 
comprise approximately one quarter of the total organic 
matter in sludge, are ineffective in chelating metals 
(Ainsely et al., 1977)« Chaney (1974) reported that 
organic matter reduces zinc availability to plants at 
low pH values and increases zinc availability at high 
pH values. Hov/ever, an increase in soil pH to 7*0 is 
said to result in a ten-fold increase in amounts of low 
molecular weight organic compounds complexed by zinc as 
well as higher stability of the complexes (Tan, Morris 
and King, I97I). Bolton (1975) reported increases in 
zinc concentrations when sludge was applied to acid soils. 
The chelation of zinc by sludge organic matter in both 
soluble and insoluble complexes is claimed by Puller 
(1977) to be ”a reser'/’oir of potentially hazardous pol¬ 
lutants” v/hich may mineralize at various rates and re¬ 
lease the metal to the environment when conditions are 
favorable. 
The adsorijtion of zinc on soil and sludge exchange 
sites as v/<’ll as chelation reactions with organic matter 
indicates that most of the zinc will remain in the sur¬ 
face layers of the soil. Although Shulman (1975) 
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suggested tha.t zinc v/as more soluble and likely to be 
leached in sandy soils, other research indicates that 
this may not be true. In a study using inorganic zinc 
fertilizers on a sandy soil, little dov/nv/axd movement 
of zinc was noted except when applied at very high rates 
(Walsh et al,, 1972). Studies using sludge amended soils 
indicate that the majority of added zinc remains in the 
zone of sludge accumulation, or plow level (Hinesly et 
al., 1977; Sommers et al., 1979)• 
While the soil properties mentioned thus far are 
deemed primarily responsible for the attenuation or 
mobility of zinc in the soil, other soil factors may 
also exert some influence on zinc mobility. Increases 
in soil temperature have resulted in increases in plant 
uptake of zinc (Bauer and Lindsay, 1965; Gallagher et 
al., 1973; Giordano et al., 1979)* i't has been sug¬ 
gested that this may be due, in part, to the increase 
in organic matter decomposition with temperature in¬ 
creases (Gallagher et al., 1978). Fuller (1977) has 
suggested that freezing of soils in climates with cold 
winters may be a useful mechanism for natural control of 
trace elements and heav^'* metals, since slowly soluble 
precipitates of the metals will form as the soil freezes. 
The moisture status of the soil may also affect the 
solubility of zinc. Concentrations of zinc in the soil 
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are said to decrease with soil reduction due to the 
formation of ZnS by sulfate-reducing bacteria or increas¬ 
ed complexation with organic matter (Sims and Patrick, 
1978). The metabolic activity of- soil fauna such as 
earthworms is said to increase the solubility of zinc 
(Helinke et al., 1979)* Earthworms, themselves, are 
said to injest large amounts of zinc from a zinciferous 
habitat, w'hile this may not affect the concentrations 
of zinc in the soil greatly, it may provide access for 
toxicity to other organisms low in the food chain. Time 
itself may have some effect on the availability of zinc 
in the soil. Zinc may react in time to become inactiva¬ 
ted by a process coined as reversion. This process is 
poorly understood but thought to be related to pH, pre¬ 
cipitates and organic matter effects (Chaney, 1974). 
Changes in available zinc from continued sludge applica¬ 
tion or.residual sludge treatments remains unclear. 
V/hether zinc becomes more available as the sludge de¬ 
composes or reduced with time due to soil reaction and 
reversion processes will only be cleared through fur¬ 
ther research. 
The continued use of sewage sludge as a soil amend¬ 
ment or fertilizer would result in the accumulation of 
heavy metals in the soil, and possible contamination of 
crops being grown. Massachusetts agricultural soils 
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generally have a lov/ pH value and must be limed annual¬ 
ly to maintain a desirable pH for sludge fertilization. 
Alternating sludge fertilization v/ith an inorganic 
fertilizer would result in a decrease in soil pH and 
increased mobility of heavy metals. The objective of 
this research v/as to determine the loading capacity of 
heavy metals, in particular zinc, on various Massachu¬ 
setts agricultural soils, under different lime and 
fertilizer regimes. 
MATERIALS AI^D METHODS 
Experiment 1; Grov/th and zinc concentrations of endive 
grov/n in soils amended with sludge, lime 
and zinc. 
An experiment was set up to compare the effects of 
soil type, soil pH and sludge addition on the accumula¬ 
tion of zinc by endive. It v/as conducted under green¬ 
house conditions in a total of 600 six-inch plastic 
pots arranged in a completely randomized design. 
-Soil Descriptions: 
Three typical Massachusetts soils; a Merrimac 
loany sand, Typic Dystrochrept, a Suffield loam, Dystric 
Eutrochrept, and a Hadley silt loam, Typic Udifluvent, 
whose characteristics are found in Table 1, v/ere used 
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HA3LZ 1 
Characteristics of Merrimac Loamy Sand, 
Hadley Silt Loam and Suffield Loam Soils 
Merrimac Loamy Sandi 
CBC (meq/lOOg,) 5*39 
^ Base saturation 5^ 
Hadley Silt Loam: 
CSC (meq/lOOg.) 12.58 
% Base saturation 51 
Suffield Loam: 
CSC (raeq/lOOg.) 11.58 
% Base saturation 56 
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as soil -elia at the rate of 1503 grar.s of soil per pot. 
•wroo .^esoriotiom 
Enlive (Chicoriu- eniivia L.) cv. Florida deep- 
heart, a vegetable known to grow well in a wide range 
of soil pH values, was seeded to pots and subsequently 
thinned to three plants per pot. 
-Treatnsnts: 
Treatnents applied preplant and replicated ten 
tines are as follows: 
1, ?wo levels of air-dried Fitchburg sewage 
sludge (characteristics found in Table 2): a. no 
sludge added and b. 50 grans of sludge per pot added 
2. Two lining regines: a. no line added and 
b. 15 grans of lalCo rer no- W '■A • 
3. Five levels of zinc added in the fom of 
Zn3C^: a. no zinc, b. 132 ppn zinc, c. 200 ppn 
zinc, d. '^33 rrn zinc and e. 300 'em zinc. 
-^reernouse cron nanagenent: 
Lzve was seeded treated 
W W Ww W** October 29# 1973; thimed to seven slants oer 
:he two-leaf stage and subsequently tiairned to 
three slants ser sot. Fertilir/ was naintained bv 
addin 
0^ -:r :w, in the fom of 0a(:»'C^)2 
XO—— "5 TV. —Vka V' ‘ 
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TA3L5 2 
Analysis of Fitchburg, Massachusetts, 
Sewage Sludge 
Elemental Analysis 
Element Dry wt. basis Element Dry wt. basis 
/» ppm 
N 3.60 Cd 0.05 
P 1.53 Cu 748 
Ca 19.70 Cr 1260 
ppm Mo 25 
K 1520 Ni 203 
Mg 3410 Pb I870 
Na 1260 Zn 405 
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50 mg. K., in the form of KH^PO^ 
twice during the growing season. The endive was har¬ 
vested on March 1, 1979• 
A second crop of endive was seeded to the same 
pots on March 29» 1979* Thinning and fertilization 
were identical to the fall crop. These plants were 
harvested on June 5» 1979* 
Experiment 2t Growth and zinc concentrations of endive 
grown on amended soils with and without 
additional sludge added. 
A second experiment was conducted to compare the 
effects of the residua,! soil metal on the accumulation 
of zinc in a third crop of endive, grown in the same 
pots, with and without additional sludge added. Ex¬ 
perimental design was identical to Experiment 1 except 
that there v/ere five replications per treatment. 
-Treatments 
Treatments explained in Experiment 1 were con¬ 
tinued. A third crop of endive was planted in the same 
soil mixture, with the addition of 50 grams of partially 
decomposed Fitchburg sewage sludge to five of the rep- 
licates and no sludge added to the remaining five rep¬ 
licates . 
-Greenhouse Crop Management; 
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A third crop of endive v/as seeded to treated 
pots on August 29, 1979* Plants were maintained as 
described in Experiment 1 and harvested on November 
15, 1979. 
-Crop and Soil Analysis 
Upon harvest all three crops were dried at 105^ 
C,, weighed, and finely ground in a V/iley mill for de¬ 
termination of zinc concentrations. Zinc concentrations 
of the endive were obtained on a Perkin-Elmer 306 atomic 
absorption spectrophotometer after digestion of 0.1 
gram of the dried tissue in nitric acid and hydrogen 
peroxide. 
Soils v.’ere sifted through a 2mm. sieve before an¬ 
alysis. Cation exchange capacity and percent base 
saturation were determined by ammonium saturation as 
outlined by Black (I965). Measurements of soil pH, 
following each harvest, v/ere made electrometrically. 
The soil was suspended in a 0.0114 CaCl.^ solution in a 
1:2 (soil:CaCl2) ratio, and the pH of the suspension 
was measured with a glass electrode versus a saturated 
calomel reference electrode. 
RESULTS AND DISCUSSION 
Experiment 1: Crop 1. 
Soil mixtures were allowed to equilibrate for two 
weeks before seeds were planted. Germination was poor 
at all added zinc rates on acid soils with and without 
sludge addition except controls (no zinc added). These 
pots were reseeded on November 18, 1978; however, germin¬ 
ation rates were again poor. Those seedlings which e- 
merged showed chlorotic symptoms, and plant growth 
ceased at the seedling stage. 
Dry weight data are presented in Table 3 i’or all 
soils containing lime treatments and for the Merrimac 
loamy sand containing sludge without lime. Upon har¬ 
vest, soil samples were taken from all pots, and pH 
values were determined. In the Hadley silt loam and in 
the Suffield loam, the soil and the soil plus sludge 
mixtures had similiar pH values (approximately 4.9)5 
however, the addition of 50 grams of sewage sludge to 
the Merrimac loamy sand increased the pH to a value of 
approximately 6.4, while pH values for the soil alone 
were about 4.9, 
Dry weight yields indicate that for the Merrimac 
loamy sand, the soil plus sludge mixtures maintained 
the best crop grov/th over all zinc rates. The limed 
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TABLE 3 
Dry V/eight Yields of First Crop of Endive 
Gro’/m on Sludge-and Lime-Amended Soils 
Treatments s Soil 
alone 
Soil & 
S lud.sce 
Soil 8c 
Lime 
Soil 8c Sludge 
8c Lime 
zinc rate (ppm) g/pot 
Merrimac Loamy Sand 
0 2.30 4.38a 3.70a 3.84a 
100 - 4.58a 2.43a 3.04a 
200 - 4.05a 1.431) 2.88a 
koo - 3.38a 0.87b 2.57b 
800 - 1.90b - 0.67c 
Hadley Silt Loam 
0 4.10 1.30 1.50a 5.31a 
100 - - 1.40a 5.31a 
200 - - 1.70a 4.43a 
ii-oo - - 1.90a 2.52b 
800 - - 0.50b - 
Suffield Loam 
0 0.36 0.20 2.12a 2.59a • 
100 - - 2.10a 2.37a 
200 - - 2.08a 2.12a 
400 - - 2.51a 0.29b 
800 - - 1.36a — 
Dashed line s indicate treatments where plants died. 
Yield means within treatments within soils not followed 
by the same letter are significantly different at the 
level. 
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Hadley silt loam also had better yields v/hen sludge was 
amended to the soil, except at the highest zinc rate 
(800 ppm zinc added to the soil), where plants died at 
the seedling stage. Increases in crop yields were not 
apparent when sludge was amended to the Suffield loam. 
In all soils significant decreases in yield, when zinc 
was added to the soil, did not appear until the highest 
zinc rate at which the seedlings suirvived (400 or 800 
ppm zinc)• 
Zinc accumulation in the crop tissue was deter¬ 
mined and multiple regression equations given in Table 
4 were plotted in Figures 1, 2, and 3« In general, 
zinc accumulation increased as levels of zinc added to 
the soil increased. 
The value set for toxic levels of zinc in plants 
is said to be 500 ppm (Leeper, 1972). In the Merrimac 
loamy sand (Figure 1), these apparently toxic levels 
of zinc in the plant tissue occurred when approximately 
400 ppm of zinc were in the soil, in the soil plus sludge 
and the soil plus sludge and lime mixtures. The accumu¬ 
lation of zinc at higher levels was seen to be more 
dramatic in this soil amended with sludge alone than 
when amended with both sludge and lime. In the Merrimac 
loamy sand amended with lime, toxic levels of zinc in 
the plant tissue were apparent when the soil v/as amended 
3^ 
. i w 
JCultiple degressicn Equations for 
Conear4trations of ?ir3t Cron of fndive 
?reatnent Re.^ession Sauation 
Merrinac loanv Sand 
Soil i Sludge y; 3^.55 i 0.?43x s 0.0021x^ - 
0.0000017x^. r^- 0.93627** 
Soil ic line y; 95.90 i: 2.72X i 0.0126x^ - 
0.000035x3. 0.923i^5** 
Soil i Sludge i lir:9 y- 75.62 i 0.l63x i 0.0:-3?x~ - 
0.000034x3. r^- 0.33335** 
Hadley Slid loan 
0 
Soil ic line y- 51.73 a 1.04:c - O.OOlvx' s 
0.0000024x3. r~; 0.91711** 
Soil i Sludge i- Lix8 y- 47.70 1 0.139X i 0.0127x^ - 
0.000022x3. r“- 0.91242** 
Suffield loan 
Soil i line V; 36.30 4 0.727X - 0.00115x^ 4 
0.0000015x3. r^- 0.95459** 
Soil i Sludge S: line y- 96.SO 1 0.6C24;<: - 3.0041x^ 1 
0.000C23x^. r"- 0.93325'** 
In acid soil (-*- ii.o), plants died when zinc 
vas added no nhe soil. 
Fig. 1. Zinc concentrations 
of first crop of endive gro’.vn in 
Kerrimac loamy sand. 
— —-Soil & Sludge 
" • • -.Soil Line 
—• — -"Soil &■ Sludge & Lime 
to only 100 ppm of zinc. These data suggest that for 
this soil, liming alone is not sufficient to prevent 
zinc accumulation and toxicity in crops such as endive. 
Properties inherent in a high pH sewage sludge may be 
sufficient in preventing accelerated accumulation of 
zinc by a crop grown in this soil, when low levels of 
zinc are present. Hov/ever, at higher levels, both sludge 
and lime amendments provide further safeguards. If no 
lime or sludge is added, the plants die with only 100 
ppm zinc in the soil. 
In the Hadley silt loam (Figure 2), regression 
equations predicted that v/hen the soil was amended with 
lime alone, toxic levels of zinc appeared in plant tis¬ 
sue with approximately 550 ppin of zinc in the soil, but 
more dramatic increases in zinc were found with greater 
amounts added. V/hen both sludge and lime v/ere amended 
to this soil, toxic levels of zinc in the tissue v;ere 
apparent at lower rates (approximately 250 ppm zinc), 
indicating increased mobilization of zinc due to the 
sludge or sludge-lime interaction. 
The 3uffield loam (Figure 3) reacted similarly to 
the Hadley silt loam in the lime and sludge plus lime 
treatments. However, in limed soils toxic levels of 
tissue zinc were predicted by the multiple regression 
equations, at higher rates of zinc addition in the loam 
Fig. 2. Zinc concentrations 
of first croo of endive grov/n in 
Hadley silt loarn. 
••••••••♦ Soil <i Lime 
—Soil ^ Sludge Sc Lime 
Zn in soil (ppm) 
Fig. 3» Zinc concentrations 
of first crop of endive gro\vn in 
Suffield loam. 
Soil Sc Lime 
Soil Sc Sludge Sc Lime 
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soil than the silt loam. Toxicity was predicted in 
the limed Suffield Ioslti at approximately 700 ppm zinc, 
and in the sludge plus lime soil at 250 ppm zinc in the 
soil. 
Significant decreases in plant yields did not nec¬ 
essarily coincide with levels of zinc found in the 
tissue and reported to be toxic, indicating that crop 
growth alone is not a sufficient condition on which 
to base metal entry into the foodchain. High concen¬ 
trations of zinc may accumulate in endive before nctic- 
able reductions in plant growth occur. 
Experiment 1* Crop 2. 
Climatic conditions for the second crop of endive 
were more favorable for plant growth. The advent of 
spring brought higher temperatures and stronger light 
intensities favoring faster growth and better yields. 
Dry weight yields for the second crop of endive are 
given in Table 5» Germination rates improved for acidic 
soils seeded to endive, although seedlings grown on 
higher rates of zinc again died. There seems to be some 
indication of leaching of soluble zinc from the loamy 
sand, since plants survived at rates four times as high 
in this soil as in the loam where prreater amounts of zinc 
are more likely to be fixed. 
Some changes in the effects of soil amendments on 
TABLE 5 
Dry vJeight Yields of Second Crop of Endive 
Treatments: Soil 
alone 
Soil & 
Slude:e 
Soil & 
Lime 
Soil Sc Sludge 
Sc Lime 
zinc rate (ppm) g/pot 
Merrimac Loamy Sand 
0 3 •76a 3.52a 5.47ab 6.28a 
100 1.30a 3.35a 7.58a 6.10a 
200 2.71a 3.14a 6.62a 6.33a 
400 1.49a 3.79a 3.93b 5.28ab 
800 - 3.99a 1.180 2.81b 
Hadley Silt Loam 
0 3.52a 2.72a 5.02a 4.07a 
100 2.48ab 0.73a 5.12a 4.74a 
200 0.56b - 4.78a 3.89a 
400 - - 4.97a 3.89a 
800 - - 3.07a 3.91a 
Suffield Loam 
0 3.86a 0.96a 4.75a 4.43ab 
100 3.18a 0.32a 4.78a 5.l4a 
200 - - 5.73a 2.32bc 
400 - - 4.83a 1.51c 
800 *• 4.64a 0.760 
Yield means v/ithin treatments v/ithin soils not followed 
by the same letter are significantly different at the 5^® 
level. 
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plant growth over time have hecome apparent with the 
second crop of endive. In the Merrimac loamy sand, 
lime and sludge plus lime treatments produced better 
yields overall than the treatments amended with sludge 
alone. Possibly in the first crop, sludge applied add¬ 
itional easily mineralized major nutrients thus favor¬ 
ing better growth. In the second crop these nutrients 
were no longer available due to the decay of the sludge, 
and subsequent slower mineralization of remaining nut¬ 
rients. However, at the highest rate of zinc addition, 
growth of endive in soils amended with sludge alone was 
greatest, suggesting some mechanism for s3.udge fixation 
of zinc. 
In the Hadley silt loam, plant growth in treatments 
amended with lime alone improved dramatically relative 
to the first crop. This indicates that with time the 
effects - of lime in fixing of soluble soil zinc are im¬ 
proved. Growth of endive in the acid silt loam v/as 
slightly better with the second crop, alone and amended 
with sludge, although yields were still quite l-ow. 
The Suffield loam showed trends similiar to the 
silt loam. Limed treatments produced higher yields rel¬ 
ative to the first crop and to unlimed treatments. 
Overall, plant growth in the loam was slightly lower 
than yields obtained with the other two soils. 
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Regression equations given in Table 6 were plotted 
for zinc accumulation found in the plant tissue versus 
zinc rates amended to the soil mixtures (Figures 4, 5 
and 6), In general, zinc concentrations found in the 
endive tissue for all treatments decreased considerably 
in the second crop, indicating some reversion of soil 
zinc to unavailable forms. However, for higher rates 
of zinc added to the soils, apparently toxic levels of 
zinc still appeared in the plant tissue. 
For the Merrimac loamy sand (Figure 4), sludge 
and sludge plus lime treatments again proved to be the 
best in limiting zinc concentrations in the plant tissue. 
Toxicity occurred only at the highest application rates 
of zinc for both, although at zinc levels in the soil 
greater t?ian 200 ppm the plant available zinc in the soil 
was limited to a greater extent in the sludge plus lime 
treatments. Since the post harvest pH values for both 
soil mixtures, soil plus sludge and soil plus sludge and 
lime, were identical (pH values were determined to be 
6.0), this suggests that adding lime to the soil may 
reduce the solubility of zinc by some mechanism in add¬ 
ition to that of increasing the soil pH. '/^'hon lime was 
amended to the loamy sand, without added sludge, toxic 
plant levels of zinc were predicted to occur at rates 
of about 440 ppm zinc in the soil, validating the 
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TABLE 6 
Multiple Regression Equations for 
Zinc Concentrations of Second Crop of Endive 
Treatment_Regression Equation 
Merrimac Loamy Sand 
Soil alone y- 47,1 3c 19,l8x - 0.1113x^ 2c 
0.000176x3. E- 0.92609«* 
Soil & Sludge y- 29.4 & 0.246x - 0.00053x^ & 
0.000002x3. r^- 0.92564** 
Soil & Lime y- 29*8 & 1.328x - 0.00186x^ 3: 
0.000003x3. r^- 0.91309** 
Soil & Sludge & Lime y^ 57i8 & 0.456x - 0.00113x^ <S: 
0.000002x3. r^- 0.95501** 
Hadley Silt Loam 
Soil alone y; 89.7 & I3.I38X - 0.03825xf 
r^- 0.93775** 
** 0 
Soil & Sludge y- 595.9 & 3.332X. r - 0.72208** 
Soil 8c Lime y- 22.53 & 0.259X & 0.000637x‘^ & 
0.000029x3. E- 0.95132** 
Soil 8c Sludge 8c Lime y_ 59.9 _ O.I528X 4 O.OO3OX" - 
0.000002x3. 0.78931** 
Suffield Loam 
Soil alone y- 583«1 1.017x. r^- 0.005 
Soil & Sludge ■ y; 1398 & 2.217x. 0.13551 
Soil & Lime y^ 33.4 i 0.357x - 0.000433x^ 
0.0000005x3. r^- 0.87136** 
Soil 8c Sludge 8c Lime y- 84.7 - 1.353x 1 0.010l4x"' - 
0.0000079x^. r^- 0.84791^* 
Fig. 4. Zinc concentrations 
Ox second crop of endive grov/n in 
Merrimac loany sand. 
Soil 
Soil (S: Sludge 
Soil Lime 
Soil Sludge k Lime 
0 200 400 
Zn in soil (ppm) 
800 
^5 
importance of sludge fixation mechanisms in reducing 
zinc availability in this soil. Increases in zinc con¬ 
centrations in the plant tissue were extremely rapid 
when zinc was added to this soil alone, and toxic levels 
of plant zinc were predicted, by regression equations, to 
occur when only 20 ppm zinc was amended to the soil. The 
decrease in plant available zinc as applications of zinc 
increased from 100 to 200 ppm, support the hypothesis 
that some soluble zinc in the sandy soil may be subject 
to leaching. 
In the Hadley silt loam (Figure 5)» concentrations 
of zinc in plants increased as application rates of 
zinc to the soil increased. Limed treatments v/ere found 
to be considerably lower in zinc concentrations in endive 
tissue than unlimed treatments. In acidic soil mixtures, 
sludge seemed to have little effect on zinc accumulation 
in the plant when zinc was added to the soil, but in 
control plants, where no additional zinc was applied, 
toxic levels of zinc occurred in the plants when sludge 
alone was added, indicating that some sludge zinc was 
soluble under these conditions and would indeed be taken 
up and accumulated by crops. In the limed treatments, 
amending sludge to the soil had little effect on zinc 
accumulation in the crop. 
The enhancement of zinc availability in acid soils 
Fig. 5* Zinc concentrations 
of second crop of endive grov/n in 
Hadley silt loam. 
Soil 
Soil Sc Sludge 
Soil & Lime 
Soil <2: Sludge Sc Lime 
Zn in soil (ppm) 
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is predicted by the plotted regression equations for 
the Suffield loam (Figure 6). Very high levels of zinc 
occurred in the plants when sludge was amended to the 
acidic soil without any additional zinc added. In the 
limed treatments, sludge amendments were predicted to 
increase zinc concentrations in the plant to a toxic 
level with 250 ppm of zinc in the soil. At this point 
zinc concentrations increased dramatically when sludge 
was amended to the limed soil relative to the limed 
treatments without sludge. These data suggest that for 
this soil, even when a desirable pH is maintained, add¬ 
ing high rates of sludge may increase zinc concentrations 
in crops. 
Experiment 2. 
The purpose of the second experiment was to compare 
the accumulation of the residual zinc in the soil by 
the plant, under conditions of additional sludge amend¬ 
ment v/ith no additional sludge amendment. The sewage 
sludge v/as the same collected the year earlier at the 
Fitchburg, Massachusetts Sewage Treatment Plant. It was 
stored in fifty-gallon drums outside the greenhouse area 
for the interim period. Its physical state had changed 
from that of dewatered sludge to partially decomposed 
sludge, and as such its properties as a soil amendment 
were also transformed. pH values determined at the end 
?ig. 6. Zinc concentrations 
of second crop of endive grov/n in 
Suffield loam'. 
Soil 
Soil k Sludge 
Soil k Lime 
Soil k Sludge k Lime 
Zn in soil (ppin) 
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of the experiment showed that the partially decomposed 
sludge had more effective liming properties than that of 
the dewatered sludge. On acidic soils, even those in 
which pH values remained unchanged with the first add¬ 
ition of sludge, pH values were found to increase great¬ 
er than one pH unit. Those soil mixtures which did not 
receive additional sludge had pH values remaining at 
4.9. Those soil mixtures which did receive additional 
sludge (henceforth referred to as “sludge 11“), increas¬ 
ed in pH values from 4.9 to 6.2. Soil mixtures previous- 
ly neutralized by sludge and/or lime increased in pH 
values from approximately 6.3 to 6.6. 
Some favorable and unfavorable properties of sludge 
II were reflected in plant growth. Seedlings germinated 
well and attained reasonable yields in previously acidic 
soils amended with sludge II; while seeds in acidic 
soils not amended with sludge II either did not germinate 
or died at the seedling stage when high levels of zinc 
were present. Dry weight yields for this third crop of 
endive are given in Tables 7, 8 and 9« 
It should be noted that in the Merrimac loamy sand 
(Table 7), nlant growth v/as achieved at all zinc rates, 
for the unamended soil. This soil hs.d a pH value of 4.9* 
At rates of 200 and 400 ppm of zinc amended to the soil, 
reasonable dry weight yields were obtained but as indica- 
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TA3L3 7 
Dry Weight Yields of Endive Gro^ym in Merrimac Loamy Sand 
Sraended with Sludge II versus without S ludge II 
Treatments j Soil Soil 5: 
Sludge II 
Soil & 
Sludge 
Soil & 
Sludge Sc 
Sludge II 
zinc rate (ppm) g/pot 
0 5.95a 2.92cd 5.53ab 5.22ab 
100 1.4ld 3.17bcd 5.95ab 5.57ab 
200 3.05bod 4,03abc 6.17ab 6.67a 
400 4.15abc 4.99ab 5.l4ab 6.44ab 
800 1.19d 1.6ld 5.60ab 4.6lb 
Treatments * Soil 5: 
Lime 
Soil Sc 
Lime & 
Sludge II 
Soil Sc 
Lime Sc 
Sludge 
Soil Sc 
Lime Sc 
Sludge Sc 
Sludge II 
0 7.69a 5.95b 6.88a 5.66a 
100 6.45ab 4.16c 5.81a 5.95a 
200 5.92b 3.87c 6.35a 5.45a 
-!4^00 4.70c 2.69d 6.40a 4.72ab 
800 0.36e 1.60ds 2.99b 2.5911 
Yield means within treatments not followed by the same 
letter are significantly different at the 57^ level. 
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in the second crop of endive, sone soluble zinc nay 
have leached out. Plant yields for all treatments, ex¬ 
cept the limed soil, did not vary substantially whether 
sludge II was added to the soil or not. In the limed 
soil, the addition of sludge II had a negative effect 
on plant growth. 
In the Hadley silt loam (Table 3), the addition of 
sludge II to the soil and the soil plus sludge mixtures 
resulted in greater plant growth in all but control 
treatments. This is thought to be related to sine avail¬ 
ability s anc e in acidic treatments, sine is available 
in amounts great enough to curb or irdiibit growth. In 
the limed soil and soil plus sludge mixtures, the addition 
» 
of sludge II again had a negative effect on crop grov/th. 
The small difference in pH values (6.3 and 6.6) would 
not seem to be responsible for significant differences 
,in plant growth. It must then be assumed that some 
inhibitory substance present in the decomposed sludge, 
or its abilitv to adsorb other riant nutrients as well 
as zinc, is responsible for limiting plant grov/th under 
limed conditions. 
Plant growth responses for endive planted in the 
Suffield loam are presented in Table 9* Again, acid 
soil treatments were improved by the addition of sludge 
II, although soil plus sludge treatment yields were 
TA3L: 3 
Orrj v/ei^ht Yields of endive Grov/n in Hadley Gilt Loan 
Anonded v/ith Sludge II versus v/ithout Sludge II 
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Treatments: Soil Soil 4 
Sludge II 
Soil 
Sludge 
Soil i 
Sludge Sc 
Sludge II 
zinc rate (ppr i) g/pot 
0 7.53 5.45b 2.47 4.79a 
100 3.73 7.23a - 2.78b 
200 - 4,83b - 1.39c 
400 - 5.20b - 2,40b 
300 — 3.03c 1.71bc 
Treatments: Soil 4 
Line 
Soil ^ 
Lime ^ 
Sludge II 
Soil .Soil ^ 
Sludge Sc Sludge Sc 
Lime Lime Sc 
Sludge II 
0 6.25abc 5.03bcd 6.79a 3.34b 
100 6.93a 82cd 6.03a 3.06b 
200 6.06abc 6.72a 6.36a 5.36a 
400 6,53ab 4.23d 6.10a 3.03b 
300 3.62d 3.79d 5.79a 3.62b 
Yield means v/ithin tre atments not follov/ed by the same 
letter are significant ly different at ^he 5a level. 
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TABLi: 9 
Dry V/eight Yields of Dndive Gro'rvn in Suffield Loam 
Amended with Sludge II versus without Sludge II 
Treatments : Soil Soil & Soil ci Soil 
Sludge II Sludge Sludge & 
Sludge II 
zinc rate (ppm) g/pot ■ 
0 2.60 4.37a 0.83 2.78a 
100 2.76 4.34a 0.30 1.24b 
200 0.50 2.36a - 1.23b 
400 - 4.23a - 1.29b 
800 — 3.68a - 0.72h 
Treatments: Soil & 
Line 
Soil a; 
Lime & 
Sludge II 
Soil ci 
Sludge <5: 
Lime 
Soil & 
Sludge Sc 
Lime & 
Sludge II 
0 4.70d 7.63ab 7.59a 5.13b 
100 5.90'bcd 8.11a 7.31a 3.33o 
200 4.84d 6.90abcd 2.02cd 5.38b 
400 5.33cd 7.42ab 1.44cd 1.23d 
800 5.55cd 6.40abcd 0.431 0,91d 
Yield means 
letter are 
v.’ithin treatments not follov/ed by the sane 
significantly different at the 5/^ level. 
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still low. In the soil plus sludge treatments, sludge 
II had a negative effect at higher zinc levels. This 
suggests that controlling soil zinc availability may 
again be the responsible factor. The soil plus lime 
treatments for this soil behaved uniquely. Plant growth 
increased with sludge II addition at almost all zinc 
levels. It may be that the poor soil physical proper¬ 
ties, such as soil compaction and poor aeration, were 
improved with the addition of sludge II, as well as 
zinc availability controlled, so better plant growth was 
achieved. 
The ability of the partially decomposed sludge in 
controlling the availability of zinc to the plant is 
evident in Tables 10, 11 and 12. For all soils, limed 
and unlimed, the addition of sludge II to soils amended 
with zinc resulted in a decrease in zinc concentrations in 
the plant relative to the treatments v/hich did not 
receive additional sludge. Multiple regression equa¬ 
tions for zinc accumulation in the plant versus zinc 
rates amended to the soil are presented in Tables 13» 
14 and 15. 
For the Merrimac loamy sand (Table 10), the add¬ 
ition of sludge II decreased zinc concentrations of the 
endive from levels reported to be toxic to levels con¬ 
sidered safe, in every treatment except at very high 
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TA3L5 10 
Accumulation of Zinc in Endive Grov/n on I^ierrimac LoaLmy 
Sand Amended with Sludge II versus without Sludge II 
Treatments : Soil Soil & Soil & Soil c3: 
Sludge II Sludge Sludge & 
Sludge II 
zinc rate (ppm) ppm 
0 72.2d 29.2d 44.4d 40. Od 
100 1149.4a 89.61 91.8c 74.4cd 
200 682.4c 81.2d 109.4c 72.4cd 
400 528.0c 104.2d 212.2b 113.80 
800 1168.Oa 919.6'o 422.4a 269.6b 
Treatments: Soil ^ 
Lime 
Soil <2c 
Lime ic 
Sludge II 
Soil 5; 
Lime Sc 
Sludge 
Soil Sc 
Lime Sc 
Sludge k 
Sludge II 
0 49.4d 44.4d 40.0b 40.4b 
100 97.6cd 82.2cd 65.2b 39.0b 
200 121.6od 111.8cd 86.0b 73.2b 
400 269.6b 139.8c 156.8b 107.8b 
800 1731.0a 270.6b 747.2a 128.6b 
Yield means within treatments not follov/ed by the same 
significantly different at the 5/^ level. letter are 
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levels of zinc addition (800 ppm) to the soil alone. 
It was particuarly effective at the highest zinc level 
(800 ppm zinc amended to the soil) iinder limed condit¬ 
ions, where it reduced concentrations of zinc in the 
plant from 1731 ppn to 270 ppm. 
The Hadley silt loam (Table 11) and the Suffield 
loam (Table 12) show reductions in concentrations of zinc 
in the plant with sludge II additions in both limed and 
unlined treatments; and these reductions are all below 
toxicity levels, except at the 800 ppm zinc rate for 
acid soils previously amended v:ith sludge alone. 
These data indicate that partially decomposed 
sludge is more effective in controlling zinc availabil¬ 
ity than dev/atered sludge. Increases in soil pH values 
and cation exchange capacity as v/ell as chelators form¬ 
ing insoluble compounds are assumed to be responsible. 
Dewatered sludge v;as not effective in increasing soil 
pH values except for the poorly-buffered loamy sand soil 
at rates of sludge application used in this study. The 
additional organic matter supplied to the soil by de¬ 
watered sludge v/as subject to rapid decomposition by 
soil microorganisms which excreted organic acids, thus 
rendering the zinc in soilution available in the form of 
soluble chelates. The organic matcer provided by the 
oartially decomnosed sludge v/as less acidic and appeared 
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TA3L£ 11 
Accumulation of Zinc in ilndive Gro'//n on Hadley Silt Loam 
Amended with Sludge II versus without Sludge II 
Treatments : Soil Soil & 
Sludge II 
Soil & 
Sludge 
Soil & 
Sludge Sc 
Sludge II 
zinc rats (ppm) ppm 
0 41.8 26.8e 1053.0 63.4o 
100 927.8 57.8d - 93.60 
200 - 116.Oo — 129.8c 
400 - 145.2b - 404.8b 
800 — 353.0a — 619•6a 
Treatments: Soil -ic 
Lime 
Soil & 
Lime Sc 
Sludge II 
Soil 
S ludge 'Sc 
Lime 
Soil Z: 
Sludge Sc 
Lime Sc 
Sludge II 
0 15.2e 20.2e 28.4e 30.6e 
100 40.4e 42. Oe 55.49 66.6de 
200 79.8ds 54.8de 169.6c 71.8d8 
400 209.2b 85.2d 219.4b 106.4d 
800 857.2a 163.80 426.2a 242,8b 
Yield means within treatments not followed by the saiiie 
letter are significantly different at the 5^ level. 
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TABLi: 12 
Acciinulation of Zinc in Bndive Gro’^ on Suffield Loam 
Amended with Sludge II versus without Sludge II 
Treatments: Soil Soil 
Sludge II 
Soil & 
Sludge 
Soil Sc 
Sludge Sc 
Sludge II 
zinc rate (ppm) ppm 
0 140.2 47.20 1809.8 92.60 
100 677.2 63.2bc 1783.0 112.60 
200 1731.0 87.8b - 141.Oo 
400 - 81.4bc - 244.8b 
800 - 134.0a 1105.8a 
Treatments: Soil Sc 
Lime 
Soil ^ 
Lime ^ 
Sludge II 
Soil 4; 
Sludge Sc 
Lime 
Soil 
.Sludge 
Lime Si 
Sludge II 
0 23.8e 35.319 67.01 122.61 
100 44.3de 47.21(} 91.81 135.41 
200 64.201 6I.60I 131.61 90.2d 
400 104.6b 72.6c 905.6b 155.41 
800 232.4a 102.2b 1897.4a 437.20 
Yield means within treatments not follov/ed by the 
letter are significantly different at the level. 
TABLi: 13 
Multiple Regression Equations for Zinc Concentrations 
of Third Crop of iindive Grown in Merrimac Loamy Sand 
59 
Treatment Regression Equation 
Soil 
Soil & Sludge 
Soil & Sludge 
Soil & Sludge 
Sludge II 
Soil & Lime 
Soil & Lime Z: 
Sludge II 
Soil <5; Sludge 
Soil <Sc Sludge 
<5; Sludge II 
yz 
II yz 
yz 
& yz 
yz 
yz 
8c Lime yz 
& Lime yz 
179 & 0.537X - 
0.000029x^. 
32 & 0.779X - 
0.000005x^. 
4-8 & 0.279X & 
0.0000003x3. 
43 & 0.255X - 
0.0000006x3. 
50 & 0.598X - 
0.000005x3. 
43 & 0.496X - 
0.0000009X-’. 
40 & 0.322X - 
0.000002x3. 
37 & 0.085X & 
0.0000001x3. 
0.0339x^ & 
o.oo35x^ & 
0.0004x^ - 
0.0005x^ & 
0.0021x^ <3: 
O.COlx^ ic 
0.00035x^' 4 
0.00029x^ & 
TA3LH: 14 
Multiple Regression Equations for Zinc Concentrations 
of Third Crop of Endive Gro’/ni in Hadley Silt Loam 
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Treatment Regression Equation 
Soil 42 k 8.86x. 
Soil ^ Sludge II 22 & 0o98x •r 0.0012x^ & 
O.OOOOOlx^. 
Soil & Sludge not available. 
Soil & Sludge (3: yi 70 - 0.394x cS: 0.0048x^ - 
Sludge II 0.000004x^. 
Soil & Lime yz 15 & 0.232X & 0.0002x^ & 
O.OOOOOlx^. 
Soil & Lime <3: yz 21 & 0.2l6x 0.0002x^ & 
Sludge II 0.0000003x^. 
Soil 5: Sludge k Lime yz 18 k 0.779X - 0.0009x^ 
O.OOOOOOSx^. 
Soil <3: Sludge <3: Lime yz 33 k 0.327X — 0.0007x^ & 
& Sludge II 0.0000007x^. 
TA3L?. 15 
Multiple Regression Equations for Zinc Concentrations 
of Third Crop of Endive Grov/n in Suffield Loam 
6l 
Treatment Regression Equation 
Soil 
Soil 2c Sludge II 
Soil & Sludge 
Soil 2c Sludge 2c 
Sludge II 
Soil 2c Lime 
Soil 2c Lime 2c 
Sludge II 
Soil 2c Sludge 2c Lime 
Soil 2c Sludge oc Lime 
2c Sludge II 
y- 140 5: 2.536x & 0.02834x^. 
y- 46 2c O.363X - O.OOlx^ 2c 
0.0000009x^. 
not available. 
y- 94 & 0.333X - 0.0009X^ Sc 
0.000003x^. 
y; 29 & O.I7OX - 0.00002x^ Sc 
O.OOOOOOlx^. 
y- 35 & 0.l66x - 0.0003x^ & 
O.OOOOOOZx^. 
y- 88 - 1.95X Ic 0.0l46x^ - 
0.000012x^. 
y- 139 & 0.0239X - 0.0005x^ & 
O.OOOOOlx^. 
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to limit the availability of zinc by mechanisms v/hich 
caused it to be insoluble. Both dev/atered and partially 
decomposed sludge v;sre m^ore effective in controlling 
zinc availability in a neutral soil than in an acidic 
soil. 
Some information about the availability of residual 
soil metal v/ithout additional sludge applied can be 
inferred by looking at the accumulation of zinc by crop 
3 versus the first two crops. Acidic soil treatments 
continued to produce toxic concentrations of zinc in the 
endive at all added zinc levels. V/hile plant growth in 
the acid soil treatments imiproved with each crop, yields 
remained unacceptable. Those soils neutralized by line 
and/or sludge showed decreases in available zinc over 
time. However, toxic levels of zinc in the plant tissue 
were still apparent at very high rates of zinc in the 
soil. 
CONCLUSIONS 
These experim*ents have demonstrated that many 
different factors and various interactions between fac¬ 
tors govein the availability of zinc to plants and have 
shov/n the difficulties inherent in setting guidelines 
for the application of sewage sludge to cropland based 
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even on an individual metal basis. Some generaliza¬ 
tions concerning these factors may be confirmed or 
added to the growing literature on this subject, and 
specific recommendations for these particular types of 
soil, sludge and crop can be made. 
The addition of high amounts of zinc to an acid 
soil is not recommended even when applied as sludge- 
borne metals. Restricted plant growth would be a 
deterrent to this practice. An exception can be made 
to this rule, however, if the sludge has a high pH 
value and acts as a liming material in a soil with a 
low buffering capacity such as the Merrimac loainy sand. 
In this case, the addition of sludge appears to limit 
the supply of available zinc. In a well-buffered acid 
soil where sludge applications are not increasing the 
soil pH, greater amounts of zinc may become available 
through -the addition of sludge. It may be that solu¬ 
ble chelation reactions from sludge organic matter are 
responsible for maintaining high amounts of soluble 
z inc. 
Liming the soil may or may not be effective in 
reducing zinc availability to crops. It seems to de¬ 
pend on soil t^^e. In the sandy soil, lime alone was 
effective in preventing toxic levels of zinc accuiau- 
lation in the crop only at very low levels of zinc in 
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the soil. The effectiveness of lime seemei to increase 
as the percentage of fine soil particles increased. Lime 
reduced the zinc availability to the endive at fairly 
high levels in the silt loam (400 ppm zinc) and even 
more dramatically in the loam (750 ppm zinc). This may 
indicate that the adsorption of zinc by hydrous oxides 
at higher pH levels is responsible in part for the 
effectiveness of the lime in reducing availability. 
The-interaction of sludge with lime also changed as 
the texture of the soil varied. The effect of the inter¬ 
action appeared most beneficial in the coarse, sand soil, 
especially as zinc rates were increased, and less effect¬ 
ive as texture became finer. V/hile the silt loaia soil 
showed little variation in concentrations of zinc in 
plants with either lime alone or sludge plus lime, the 
limed loam showed increases in concentrations of zinc 
in the plant v/hen sludge v/as amended. This soil was 
more compacted and less aerated than the other two, and 
the sludge v;as likely to decompose at a slower rate. It 
is possible that the slov/ly decomposed sludge retained 
mechanisms for keepinvg t’ne zinc in soluble chelation 
forms longer than the more rapidly decomposing sludge. 
Dev/atered sev/age sludge oroved a more valuable soil 
amendment for plant grov/th than -oartially decomposed 
sludge, when available zinc v/as controlled. The supply 
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of plant nutri :nz3 and improveip.ent of soil physical 
properties may be responsible. Hov;ever, partially de¬ 
composed Fitchburg sev/age sludge proved much more effect¬ 
ive in preventing zinc accumulation in the crop. De¬ 
composed or composted sev/age sludge v/hich could effect¬ 
ively increase pH values for a well-buffered soil v/ould 
be the perferred form of the sludge in controlling zinc 
availability to agricultural food crops. Additional 
fertilization v/ould be recomjnended to enhance crop 
yields. 
Araounts of additional metal v/hich could safely be 
added v/ith the sludge would depend on soil type and/or 
liming regime. Sandy soils are easily neutralized by 
the addition of sev/age sludge, in both a dev/atered and 
a decomposed state. Crop uptake of zinc in the neu¬ 
tralized sandy soils doss not appear to be hazardous 
when a sewage sludge v/ith lov/ amounts of zinc is amended 
to the soil at rates necessary to supply the nitrogen 
demand of the crop. However, leaching of soluble zinc 
in the sandy soil is possible v/ith higher rates. 
Silt loam and loamy soils neutralized by lime or 
decomposed sev/age sludge effectively limit the supply 
of available zinc at rates used in this study. Since 
most aoplication rates of sludge to the soil v/ould add 
considerably lov/er rates of zinc than those used in 
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this study, toxicity/ of leafy vegetable crops v/ould not 
be anticipated. 
In acid treatments for all soils, zinc v;as readily 
available to the plant at lov/ rates of zinc application. 
The addition of sev/age sludge under acidic soil con¬ 
ditions v/ould be deemed hazardous. 
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